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A novel tribologic system was developed in which volatile lubricants (carbon
dioxide—COy or nitrogen—Ny) were used as a substitute for mineral oil-based
lubricants in deep drawing processes. This process allows an intermediate
medium to be introduced into the tool contact surfaces under high pressure by
flow-optimized, laser-drilled microholes. This eliminates the need for subse-
quent cost-intensive cleaning processes as volatile lubricants evaporate while
expanding to ambient pressure without leaving any residue. This article gives
an overview of the current findings to enable and characterize the novel tri-
bologic system. The areas of microhole laser drilling by ultrashort pulsed laser
radiation, characterization of the novel tribologic system and realization of the

system using a prototype tool will be described.

INTRODUCTION

Mineral oil or wax-based lubricants are commonly
used in deep drawing processes. To prepare the
formed parts for subsequent process steps, time-
consuming and cost-intensive cleaning steps are
required, where the lubricants used may also con-
tain toxic additives that pollute the environment.!

To avoid these problems, a novel tribologic system
for deep drawing processes has been developed,
which offers a substitute to the use of traditional
lubricants.? Figure la shows a sketch of the oper-
ating principle of the novel tribologic system. Dur-
ing deep drawing of the sheet metal parts, liquid
CO, or gaseous N, is fed into the friction zone
between the forming tool and the sheet metal under
high pressure by diffuser-shaped, laser-drilled
microholes. Both media serve as volatile lubricants
and evaporate free of residues after the drawing
process.

To provide the necessary mechanical strength of
the forming tools, a minimum wall thickness
of 5 mm of hardened steel is required; therefore,
the drilling depth for the microholes providing the
volatile lubricant must be 5 mm as well. The
required microhole geometry was determined with
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numerical simulation of the flow behavior within
the microholes with the emphasis on a possible
partial phase change from liquid to solid CO,. A
diffuser-shaped geometry with a gas inlet radius of
r1 = 100 ym and an outlet radius of 5 = 300 ym met
the requirements.® A schematic of this geometry is
shown in Fig. 1b.

This article summarizes the results of friction
experiments for the characterization of the new
tribologic system and the process requirements for
percussion laser drilling of the deep, longitudinally
shaped microholes in hardened tool steel.

LASER DRILLING OF SHAPED
MICROHOLES INTO THE FORMING TOOLS

Required Laser Pulse Energy and Pulse
Repetition Rate

To produce microholes with a depth of several
millimeters, a laser pulse energy of multiple milli-
joules is required. For the ablation-dominant per-
cussion drilling process, Forster et al.* published an
analytical model that allows the prediction of the
maximum possible drilling depth and aspect ratio
for a given spot diameter and pulse energy. A
homogeneous distribution of the fluence, i.e. the
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Fig. 1. (a) Operating principle of the drawing process using volatile lubricants. Adapted from Ref. 5. (b) Geometry of the required microholes in

the forming tool.

laser pulse energy per unit area, on the inner
surface of the cone-shaped microholes was assumed
in this model. When this fluence reaches threshold
fluence for ablation of the sample material, the
drilling progress becomes significantly decelerated
and discontinuous. This limit was also referred to as
the “quality depth limit”.?

Based on this model, the pulse energy E, for a
desired ablation radius r,; and a given drilling
depth 24 can be written as

Ep = d)th ‘T Tapl - \/ rgbl +thiepth (1)

The size of the ablation radius as a function of the
laser beam parameters will be discussed in “Micro-
hole Radius on the Side of the Laser Impact”
section. To create a conical microhole with a
required ablation radius of ry = 300 um and the
required drilling depth of 5 mm, the necessary pulse
energy amounts to approximately 4.4 mJ. For this
example, a threshold fluence for steel of ¢, =
0.09 J/cm?, at a wavelength of 800 nm and a pulse
duration of 1 ps, was chosen.

Thermal damage due to heat accumulation is
particularly critical when drilling in hardened tool
steel. Heat accumulation can occur especially dur-
ing laser-drilling with hlgh average laser power and
at high repetition rates.”’ To avoid heat accumula-
tion, pulse repetltlon rates < 50 kHz must be used®
at pulse energies of a few millijoules.

Longitudinal Microhole Shaping
Microhole Radius on the Side of the Laser Impact

The radius of the microhole on the side of the
laser impact is determined by the ablation radius.
The ablation radius is determined by the ablation
threshold, i.e. where the local fluence in the Gaus-
sian beam is equal to the ablation threshold. The
Gaussian function for the fluence at the position z in
the direction of beam propagation is given by

2.r2
P(r,z) = ¢o(2) -exp| ———— | (2)
rbeam(z)
where the peak fluence of a Gaussian beam is
defined by
2-E
bo(z) = ——F—;. (3)

- rbeam(2)2

The beam radius rypen(z) as a function of the
position along the propagation in z direction is given

by
2
M? .
rbeam(z):wo'\ll+z2' ( 2) ) (4)

T Wy

where wy is the radius of the beam in the focus, M2
the beam quality and A the wavelength of the laser
beam. The Gaussian function for the fluence is
plotted as a solid line in Fig. 2a for the example of a
pulse energy of 5 mJ. At a fluence of ¢, /e?, the beam
radius rpeq, 1s marked with a dashed red line. The
ablation radius where ¢ = ¢, is marked with a
dotted green line.

The pulse energy E, and distance z in beam
propagation are used in the following to set the
ablation radius. With the necessary fluence for
ablation ¢(r,z) = ¢,,, the ablation radius at the
position z for a given pulse energy can be derived
from Eq. 2, and is given by

1 2-F
ravi (2, Ep) = T'beam (2) - Jiln (n T (2152 . d)h).
eam t

()

Figure 2b shows the beam radius rp.,(z) along
the propagation direction z (the ordinate) for a focal
length of 600 mm and a raw beam diameter on the
focussing lens of 10 mm as a dotted red line. In
addition, the ablation radius r,;(z) is plotted for the
pulse energy of E, = 0.5 mJ (blue line) and for
E, = 5 mJ (green line). The ablation radii near the
focal point, at z =0, are similar for both pulse
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Fig. 2. (a) Fluence as a function of r for a Gaussian laser beam with a pulse energy of 5 mJ. Peak fluence is given as ¢,. The beam radius rpeam
is at the fluence of ¢,/e? (dashed red line). The ablation radius rap is achieved when d)(r, E,,) = ¢,, (dotted green line). (b) Shows the beam
radius rpeam(z) along the propagation direction z (ordinate) as a dashed red line. In addition the ablation radius rap(z) is plotted for the pulse

energy of E, = 0.5 mJ (blue line) and for E, = 5 mJ (green line) (Color figure online).

Table 1. Process
experiments

parameters used for the

Laser system: spectra physics spitfire H

Wavelength A 800 nm
Beam quality M2 < 1.2
Max. pulse energy E, 7 mdJ
Pulse repetition rate frep 1 kHz
Max. average power P TW
Pulse duration T 1 ps
Raw beam diameter D, 10 mm
Focal length L 600 mm
Focal radius wo 37 um
Rayleigh-length ZR 4.400 mm

energies. However, this changes for increasing z. In
the case of a pulse energy of 0.5 mdJ, ablation is only
possible for z < 45 mm. Furthermore, the pulse
energy of 0.5 mdJ is not sufficient to produce an
ablation radius of 300 yum (marked with the vertical
dash-dotted black line). In comparison, an ablation
radius of about 400 um is achieved at z = 45 mm
with a pulse energy of 5 mdJ, whereas the ablation
radius of 300 um is achieved at z ~ 27 mm.

With the given pulse energy and ablation thresh-
old, the possible ablation radius for any position in z
of the sample surface can be precisely determined
using the analytical model shown in this chapter.

DRILLING OF THE SHAPED MICROHOLES
Experimental Setup for Percussion Drilling

A Ti:sapphire laser was used for the experiments.
The specifications of the laser beam source are listed
in Table I. The low repetition rate of 1 kHz ensured

Mirror Mirror

Ti:Sapphire

S
(@]

Sample
Fbeam (Z =0) =Wy

Fig. 3. Experimental setup for laser drilling. The linearly polarized
raw laser beam with a beam diameter of D, = 10 mm was circularly
polarized with a 4/4 wave plate, and focused with a quartz focusing
lens with a focal length of f = 600 mm onto the samples, which were
mounted on a xyz-translation stages. The z-axis was used to set the
distance of the sample in the beam propagation direction relative to
the focal plane (represented by dashed gray rectangles) allowing to
set the spot size on the sample surface.

that heat accumulation is avoided as described
above. The experimental setup is sketched in
Fig. 3. The linearly polarized raw laser beam was
circularly polarized passing through a 1/4 wave
plate, and focused with a quartz focusing lens with a
focal length of f = 600 mm onto the samples, which
were mounted on xyz-translation stages. The two
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axes x and y were used for repositioning the sample
for the individual microholes. The z-axis was used to
set the distance of the sample in the beam propa-
gation direction relative to the focal plane (repre-
sented by dashed gray rectangles) allowing to set
the spot size on the sample surface. With the raw
beam diameter of D, = 10 mm, the calculated focus
radius was approximately rpeam(z = 0) = wq = 37
um. Due to the good availability, stainless steel
(1.4301) was used as sample material.

Figure 4 shows the measured ablation radii of the
drilled microholes for z = 0 mm, 10 mm, 20 mm,
30 mm and 40 mm, indicated as blue triangles. The
data points are connected with a dotted line to guide
the eye. The calculated ablation radius for a given
pulse energy of 5 mdJ according to Eq. 3 is shown as
a solid green line. For this example, the fluence
threshold was set to 0.05 J/cm? to fit to the mea-
sured values. The measured ablation radius differs
from the calculated for z <10 mm. Laser pulses
with short pulse duration and high pulse energy can
cause an air breakdown, particularly in the vicinity
of the focus, if > 10 W/em? is achieved.®® The
ionization of the air causes a change of the refrac-
tive index resulting in a strong defocusing of the
incident laser beam. This results in an increased
spot size on the sample surface and therefore a
change of the ablation radius compared with the
calculated r,. This effect is particularly pro-
nounced when the pulse duration is reduced to the
femtosecond range.’ The quality of the microhole
can be significantly improved by avoiding this effect.

-==" rbeam(Z)
—r,,(2) calculated
-+ T (z) meassured

E 40 Iy

g 12.8-10"

E “

5307 5.0-10" £

- =

2 >

“220 - 1.1-108 2
3

i B

S0 3.8:10° £

=

= YA 14

E 0 s I‘._ . r T Ll 2.4-10

0 100 200 300 400 500
Radius r(z) / pm

Fig. 4. Calculated (green line) and measured (blue triangles)
ablation radii (ray) plotted for increasing z. The data points are
connected with a dotted line to guide the eye; the pulse energy was
5 mJ. In addition, the beam radius rpeam(2) is drawn as a dashed red
line. For this example, the fluence threshold was set to 0.05 J/cm? to
fit the measured values (Color figure online).
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Drilling of Microholes in the Forming Tools

For the production of the microholes into the
forming tools made of hardened tool steel (1.2379),
the same setup as described in the previous section
was used. The two steels 1.4301 and 1.2379 showed
very similar results with the same drilling param-
eters. To meet the gas-outlet radius of o = 300 um
with the ablation radius, a distance of approxi-
mately z = 25 mm of the sample surface from the
focus position was necessary (marked with a cross
in Fig. 4). Figure 5 shows a cross-section of a
microhole. The sample was etched with an Adler
solution for 30 s. The effect of heat accumulation
was successfully avoided as no heat-affected zone is
apparent. Apart from a slight transverse bulge in
the upper half, the general shape of the microhole is
mostly conical and therefore very similar to the
ideal shape. In addition, the gas-outlet (top) and
gas-inlet (bottom) cross-sections are shown on the
right-hand side. The dotted circles represent equiv-
alent cross-sectional areas where the radius was
approximately ro = 300 um and r; = 50 um, respec-
tively. The shape of the hole on the important gas-
outlet side is very close to the required circle. On the
gas-inlet side, the cross section is rather rectangular
than circular. However, the shape on the inlet side
does not affect the property of the volatile lubricant

Laser
gas-outlet

'aa\

Q

r,~ 300 um

5 mm

gas-inlet

r;~ 50 um

Fig. 5. Cross-section of a microhole in hardened tool steel (1.2379),
etched with an Adler solution for 30 s (left). In addition, the gas-outlet
(top) and gas-inlet (bottom) cross-sections are shown on the right-
hand side. The dotted circles represent equivalent cross-sectional
areas where the radius was approximately r, =300 um and
ry = 50 um, respectively.
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at the outlet side. About 2.1 x 10° pulses were
necessary for the production of this microhole.

CHARACTERIZATION OF THE NEW
TRIBOLOGIC SYSTEM

To prove the feasibility of the new tribologic
system, various parameter studies were carried out
for characterizing its friction behavior. These stud-
ies included on the one hand flat strip drawing
investigations, referring to the friction conditions in
the contact zones of the flange-blank holder and
flange-die, and on the other hand stretch-bending
tests (SBTs) with different tool radii to characterize
the friction behavior at heavily loaded tool radii.

Strip Drawing Investigations

For the strip drawing tests, an existing testing rig
was modified as shown in Fig. 6 to ensure the
supply of the volatile lubricants. Thereby, the strip
drawing jaws have been further developed in three
steps to improve the quality of the results. In
particular, this further development considered
the avoidance of tipping of the jaws, improved
contact behavior and high rigidity against elastic
deformation due to internal gas pressure as shown
in Fig. 6. With the third step of development, all
these aspects have been significantly improved.

First investigations on the friction conditions of
the new tribologic system using this modified test-
ing rig concentrated on the influence of numbers
and arrangements of the microholes.’® In a further
step, different surface structures applied to the jaws
were investigated.'’ However, during these strip
drawing tests it became clear that the drawing jaws
without structured surfaces show the lowest friction
coefficients. Therefore, the approach of structured
surfaces was not continued.

The influence of various parameters on the coef-
ficient of friction was determined by strip drawing
tests with unstructured drawing jaws made of
1.2379 cold work steel and sheet metal samples
made of DCO5 + ZE. The influence of the number of
microholes, microhole diameter, microhole geome-
try, normal contact pressure and type of lubricating
gas was determined. In total, strip drawing tests
with 64 parameter combinations and at least 3
repetitions each were carried out.'?

Valve Drawing
jaw

N,/CO, supply inside
the tool

Laser drilled
microholes

&

Workpiece

Dry workpiece

Volatile lubricant

Fig. 6. Setup of the flat strip drawing testing rig.

Obtained results show that regardless of the use
of CO, and Ny, an arrangement of nine diffusor-
shaped microholes in a 3 x 3 pattern, spanning a
rectangle of 5 x 10 mm, leads to the lowest coeffi-
cients of friction. At high normal contact pressures,
a smaller gas-inlet diameter of 200 ym leads to
lower coefficients of friction. Higher normal contact
pressures are more critical; therefore, a gas-inlet
diameter of 200 ym was chosen for further
investigations.

Stretch-Bending Tests (SBT)

Tool radii of deep drawing tools are the highest
loaded areas regarding normal contact pressure.
Therefore, radii are very interesting for friction
investigations to determine the limits of tribo-
systems. In this respect, stretch-bending tests
(SBTs) were conducted to characterize the friction
conditions at tool radii under various main influ-
encing parameters. The setup of the stretch-bend-
ing-testing rig used is shown in Fig. 7. Here, the
radius inserts contain the previously described
integrated laser-drilled microholes. The surfaces of
the radius inserts have been polished. The surface
roughness of a radius insert with radius
R =125 mm, as well as a sheet metal specimen
(DCO5 + ZE) with a thickness of 0.7 mm was mea-
sured. A maximum height value of S, = 12.8 um and
an arithmetic mean height of S, = 0.819 um were
measured for the radius insert. The roughness
values of the sheet metal specimen were S, = 23.1
um and S, = 1.57 ym. The varied parameters for
this test were the retention force (3.4-7 kN), injec-
tion angle of lubrication media (30°-60°), type of
volatile media (COg jiquia and N gaseous); radius
size (R5-R12.5) and arrangement of microholes
(single and double line arrangement).

To determine the coefficient of friction via the
stretch-bending tests, the analytic method accord-
ing to the Euler—Eytelwein formula for rope friction
was used. Equation 6 shows the equation to calcu-
late the coefficient of friction. Here, 0 is the wrap
angle of the sheet metal strip, which is constant 7/2,
F, is the tension force, F is the retention force, and
u is the calculated mean value of the coefficient of

Frension ) j"hydraulic cylinder
Vmotion v - for tension force

position sensor

media supply
channel

tension load cell
media injection
angle adjustment

enlarged depicted
microholes

retention load cell

hydraulic cylinder
for retention force

Fig. 7. Setup of the stretch-bending-testing rig using volatile media
as lubrication.
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friction. Since the sheet metal specimen used was a
thin (0.7 mm) soft steel grade, bending effects on
SBT results were neglected.

1 (F,
,U,E'ln(ﬁ—,r),Ft>Fr. (6)

The following results are excerpts from the
numerous investigations carried out with the SBT
rig. All further investigations with single-line
arranged microholes and DCO05 + ZE sheet material
were conducted using an injection angle of 45°, as
this anffrle was found to be optimal in previous
studies.”® All parameter setups were repeated
between three and five times.

Influence of radius size
- injection angle 45° -
0.28
0.26
0.24 o
0.22 e
0.2 = =
0.18 = ATy
0.16 =
0.14 -
0.12 P 2 a
0.1
300 350 400 450 500 550 600 650 7.00 750

retention force [kN]

coefficient of friction p [-]

--R5 R7 R12.5

Fig. 8. Influence of radius size on the coefficient of friction, injection
angle 45°..
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Influence of Radius Size on Coefficient of Friction

The radius size of the drawing edge has a very
clear influence on the coefficient of friction, as the
coefficient of friction increases with decreasing
radius size. This is shown in Fig. 8. This is because
smaller radii cause a higher local surface pressure
and thus lead to an increased friction coefficient.
Furthermore, the diagram shows that in the case of
radii R5 and R7.5, the coefficients of friction
decrease with increasing retention forces. This can
be explained by the improved sealing effect against
the free flow of the lubricants due to higher surface
pressures. Therefore, the Ilubricating effect is
reduced if the surface pressures are too low. Similar
effects can also be observed in conventional tribo-
logic systems.'*

Comparison of Single- Versus Double-Line
Arranged Microholes

In the SBTs with a single-line bore arrangement,
several experiments have shown adhesions on the
tool radii when using DCO05 sheet metal without a
zinc coating. These adhesions occurred mainly on
the small tool radii, as these cause high contact
normal stresses. To address this issue, further tool
radius inserts having a double-line microhole
arrangement were manufactured, and further
investigations on the influence of the double-line
microhole arrangement were carried out.

RS - CO, — single-line arrangement

<035
= T
£ 030 I
= i |
5 025 1
E &
'S 0.20 @
=
Y
8 0.15

3.0 4.0 5.0 6.0 7.0

retention force Fr [kN]
(a) 300 —e—a45 60"
R7,5 - CO, - single-line arrangement
£ 035
c
£ 030
5 025
t
2 0.20 —up
g \.\
-

8015 ———g

3.0 4.0 5.0 6.0 7.0

retention force Fr [kN]
(c) 300 —e—45° 60°

RS - CO, — double-line arrangement

2035
c
(=}
$ 0.30 5
S 0.25 i
E - g
2020 T~
-3
8 0.15
3.0 4.0 5.0 6.0 7.0
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(b) 300 —e—145° 60°
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o©
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—\;___4

L

coefficient of friction p [-]
o
N
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3.0 4.0 5.0 6.0 7.0
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(d) 300 —e—45° 60°

Fig. 9. Results of the stretch-bending-test; (a) and (c) show the results for using a single-line arrangement, while (b) and (d) show the results for

double-line arrangement of microholes.
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However, as the results in Fig. 9 show, there is no
significant difference between the results of the
single-line and the double-line microhole arrange-
ment when using CO, and the radius R7.5. This is
due to the lower surface pressure values compared
with the smaller radius R5. By using the small
radius, the formation of adhesion at higher reten-
tion forces could be completely avoided by introduc-
ing the further line of holes. This effect also becomes
clear in Fig. 9a and b with the curves for 30°
(dashed, R5, single-line versus double-line arrange-
ment). The single-line test results show a further
increase in the coefficient of friction at approxi-
mately 5 kN, whereas this no longer occurs in the
double-line test series. Thus, the associated forma-
tion of adhesion was also avoided.

Overall, a significant improvement in terms of
adhesion formation and a slight improvement in
friction values could be achieved in the SBTs by
introducing the double-line bore arrangement. For
all parameter setups, the error bars are integrated
into the diagrams, but are often too small to be
recognized. The reduction of the adhesion formation
can be seen because of the strongly reduced error

Fig. 10. Drawing die of the rectangular cup tool with free flow out of
CO, through laser drilled microholes..

bars depicted in (a) single line arrangement com-
pared with (b) the double-line arrangement of
microholes. The results gained for the radius
R7.5 mm indicate, however, that the number of
injectors achieved with the second line of holes leads
to a saturation state of the necessary lubricant
quantity supplied. This can be seen from the almost
identical coefficients of friction in the single- and
double-line radius versions. A further increase in
the number of injectors would not lead to any
further improvement in the coefficients of friction.

FEASIBILITY STUDIES

To prove the feasibility and process stability of the
novel tribo-system using volatile lubricants for dry
forming, this technology was integrated into a deep-
drawing tool for a rectangular cup geometry. For
this purpose, > 250 microholes were inserted into
the active tool surfaces of the die and blank holder
to supply the lubricant by laser drilling. Via the
investigations conducted using the real deep-draw-
ing tool, the feasibility and practicability of the
novel tribologic system could be proven. Techni-
cally, it was possible to implement the media supply
into a tool for a rectangular cup (see Fig. 10).

To compare the process stability of the new tribo-
system with a conventional tribo-system using
mineral oil as the lubricant, working diagrams were
determined for each of the tribo-systems. Therefore,
the crack and wrinkle limits were determined as a
function of the drawing depth for each of the
systems by setting different blank holder forces. If
the blank holder force was too small, wrinkles of the
first type occurred in the component flange. If the
blank holder force was too high, the part cracked at
the punch radius. Within these limits, good parts
could be obtained. The comparison of the working
diagrams shown in Fig. 11 reveals a significant
improvement in process stability. With both Ny and

=== _ubricant ZO3368
1300

1200 -
1100 -
1000
900 -
800 -
700 -
600 -
500 -
400

300

N, (100 bar)

Blank holder force [kN]

—CO02_liqu.

N2_100bar N2_60 bar

200 -

 Mineral oil ZO3368 T

100

25 30 35 40

Drawing depth [mm]

45 50 55 60
Mechanical limit of
forming tool

Fig. 11. Working diagrams of the different tribo-systems: mineral oil, N, at 60 bar, CO,, jiquiq and N, at 100 bar. Adapted from Ref. 15
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CO,, a very high increase in the upper crack limit
(up to 250%) can be achieved compared with
conventional mineral oil lubrication. Also the max-
imum achievable drawing depth reaches a much
higher value than with mineral oil. The maximum
drawing depth could not yet be determined, as the
maximum limit of the drawing depth of the tool
used was reached at 57.5 mm. Although there was a
slight increase in the wrinkle limit, the process
stability was increased overall by the significantly
rising crack limit when using volatile lubricants.

CONCLUSION AND OUTLOOK

In this article, percussion drilling of particularly
deep microholes was described. For this purpose, an
equation for the calculation of the required pulse
energy needed to achieve the desired drilling depth
was shown. High pulse energy of 5 mJ was used to
reach the intended drilling depth of 5 mm. Further-
more, the production of the required, longitudinally
shaped microholes into the forming tools was
described. An analytical model was used for the
calculation of the ablation radius at the microhole
gas outlet, which showed good agreement with the
results of the experiments for a pulse duration of
1 ps. In addition, it could be shown that hardened
steel samples with a thickness of 5 mm can be
drilled through without creating a heat-affected
zone.

Further research will investigate the capability of
helical drilling for the optimization of the microhole
geometry. In addition, the forming tool that will be
used for the endurance tests for the production of
deep-drawn rectangular cups will be laser drilled
using a custom-built kW-class ultrashort pulsed
laser to increase productivity.

Friction studies were conducted to characterize
the friction behavior of the novel tribologic system
and to prove its feasibility using flat strip drawing
investigations and stretch-bending tests (SBT's).

To prove the process stability even under near-
series conditions, endurance tests are currently
being carried out based on already used rectangular
cup and newly developed tool inserts. The aim is to
gain knowledge about the wear and suitability of
the tribologic system. Here, DC05 + ZE sheet mate-
rial is also used directly from the coil in the press
machine with an integrated cutting operation before
the deep-drawing operation. Several test series with
1000 parts each are planned to record running-in
behavior and temperature effects that only occur in
endurance testing.

The findings obtained in this way will show to
what extent the novel tribological system is already
suitable for a series application and whether any
further optimization is necessary.
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